This study examines the time series behavior of infant mortality rates within a long memory approach with non-linear trends using data for 37 countries. The main results show significant differences both in the degree of integration and non-linearities among the analyzed series. Furthermore, non-linearities in the time trends are found in most of cases, in contrast with the main assumption of linearity used in the literature. Finally, the results on the integration order of the series have important policy implications in many areas, such as on international convergence in mortality rates, on the income and infant mortality relationship, and, on whether health policy interventions will have transitory or permanent effects on infant mortality rates.
Introduction
Infant mortality rates can be considered an important indicator of a country's population health, and thus, of a country's welfare. In fact, one of the Millennium Development Goals of the United Nations Development Program was to reduce by two thirds, between 1990 and 2015, the under-five mortality rates (United Nations, 2000) .
However, although the global under-five mortality rate has declined by more than half, dropping from 90 to 43 deaths per 1000 live births between 1990 and 2015, this progress has not been enough to achieve the goal of a reduction of the infant mortality rates (IMR) by two thirds. Furthermore, when considering cross-country differences in IMR in 2014, the IMR in Afghanistan (117 per 1000 lives) is over seven times higher than that in the US (6 per 1000 live births) and over 50 times higher than those in Japan and Monaco (2 per 1000 live births), the countries with the lowest IMR. In addition, the rates of decrease in IMR have been very different across the different countries, according to their degree of development, to the efficiency of the different health and education policies carried out in each of the countries and to additional exogenous changes with an effect on infant mortality rates (wars, droughts, vaccination campaigns, etc.) . The relevance of this variable as an indicator of the welfare of a country, its dynamic response to health or education policies and to other exogenous shocks, and the large cross-country differences in IMR justifies a long-run analysis of the dynamics of the infant mortality rates across different countries.
The time series properties of the IMR will shed some light on the degree of stationarity/nonstationarity of this variable in each of the countries and in different subsamples. For instance, if this variable is stationary, shocks will have transitory effects, unlike what happens if the IMR is nonstationary, where shocks will be permanent, and policy interventions will be required if the shock is negative and we want to recover the underlying trend in the series. Furthermore, the order of integration of this variable will determine whether or not this variable is cointegrated with other variables, such as per capita GDP levels, which usually present non-stationary behavior.
Finally, convergence among infant mortality rates among countries would be rejected if the series in each country presents different order of integration. Thus, the relevant policy implications of the time series properties of this variable explains the ample literature on the econometric modeling of this variable using alternative unit root tests (see, for example, Bishai, 1995; Dreger and Reimers, 2005; Erdogan et al., 2013, among others) or fractional integration techniques (Caporale and Gil-Alana, 2014 ).
The historical data on IMR reveals that these rates have declined a lot over the last decades. Furthermore, the rate of decline observed in these variables during these last decades has not been constant nor linear, as neither has been the evolution of its main drivers: economic growth or development, female education rates or the improvement of the national health systems. By contrast, several factors may have caused several disruptions, and thus, non-linearities in the temporal evolution of this variable. The nonlinear behavior of this variable has been mostly modeled in the literature by the inclusion of structural breaks (see, for example, Conley and Springer, 2001; Silva, 2007; or Siah and Lee, 2015, among others) , but to the best of our knowledge this is the first paper which model infant mortality rates within the context of fractional integration by simultaneously allowing for non-linear deterministic trends.
The analysis of non-linearities in the IMR will have important policy implications, since it will help us understand the heterogeneous historical evolution of each of the series, the differences among the analyzed countries and the potential effects of policy changes in those series. Note that, we aim to provide a direct estimate of the degree of persistence in IMR, covering at times over one hundred and fifty years of data for some of the 37 countries considered (see Table 1 ). For our purpose, instead of relying on tests of unit roots, as commonly done in the literature (discussed below), we take a long memory approach. Unlike, standard unit root tests, which can only indicate whether a series is stationary or not by looking at 0 or 1 for the orders of integration, and have low power especially in cases where the series is characterized by a fractional process (Diebold and Rudebusch, 1991; Hassler and Wolters, 1994; Lee and Schmidt, 1996; and more recently, Ben Nasr et al., 2014) , the long memory approach provides us with an exact measure of the degree of persistence. This in turn, can provide us with a time span that it would take for the shock to die off, if at all.
However, long memory models are known to overestimate the degree of persistence of the series in the presence of structural breaks (Cheung, 1993; Diebold and Inoue, 2001; and more recently, Ben Nasr et al., 2014) , which are very likely in our case as it covers long samples for many countries in our sample. Given this, we supplement our long memory model to accommodate for non-linear (deterministic) trends as in Cuestas and Gil-Alana (2015) , i.e., through the use of Chebyshev polynomials, which, in turn, are cosine functions of time. This approach is preferred over the method proposed by Gil-Alana (2008) , whereby the number of breaks and the break dates in the series are determined endogenously, obtained by minimizing the residual sum of the squares at different break dates and different (possibly fractional) differencing parameters. The main reason is that, since we are using low-frequency data, structural breaks should ideally be modelled in a smooth rather than an abrupt fashion.
The remainder of the paper is structured as follows: Section 2 revises the literature on time series modeling of infant mortality rates. Section 3 describes the methodology and justifies its application in the context of infant mortality series.
Section 4 presents the data and the main empirical results, while Section 5 contains some concluding comments and policy implications.
Literature review
Modeling the dynamic behavior of infant mortality rates has become an important research issue based on the relevance of this variable as an indicator of a country's health, and thus, welfare. Thus, a growing literature has examined the stationarity of these series using different time series techniques. For example, Bishai (1995) applies Augmented Dickey Fuller (ADF, Dickey and Fuller, 1976) tests to infant time series mortality rates in Sweden (1800 Sweden ( -1989 , the UK (1839-1989) and the US and he concludes that the null hypothesis of unit root cannot be rejected in any of the three cases. The non-stationary behavior of the series allows him to test for cointegration between infant mortality rates and per capita GNP levels, concluding that a bivariate long-run cointegrated relationship exists for the case of Sweden. Dregen and
Reimers ( This paper examines the long memory properties of the infant mortality rates of 37 countries allowing for non-linear deterministic trends in the form of Chebyshev polynomials in time. Our paper can hence, be considered as a robust extension of Caporale and Gil-Alana (2014) , by incorporating nonlinear deterministic trends to capture possible structural breaks in IMR, which in turn, allows us to guard against possible evidence of long-memory. Also note, while Caporale and Gil-Alana (2014) considered 24 countries till 2006, we analyze as many as 37 countries with updated time spans that includes more recent years, and thus have a more comprehensive data set.
The different results obtained on the order of integration of the series for each of the countries and on the existence of significant non-linearities in each of the series will have different policy implications for each of the countries examined.
Methodology
The methodology used in this paper is based on the concept of fractional integration. An updated review of this issue can be found in Gil-Alana and Hualde (2009).We say a Thus, the parameter d refers to the number of differences required to render a series stationary I(0). However, by allowing d to be fractional, we permit a much richer degree of flexibility in the dynamic specification of the series, not achieved when using the classical approaches based on integer differentiation. Processes with d > 0 in (1) display the property of "long memory", characterized because the spectral density function of the process is unbounded at the lowest (zero) frequency.
On the other hand, it is well known that fractional integration, non-linearities and structural breaks are issues which are intimately related (see, e.g., Cheung, 1993; Diebold and Inoue, 2001; Giraitis et al., 2001; Kapetanios and Shin, 2003; Mikosch and Starica, 2004; Granger and Hyung, 2004; etc.) . In this context, some of these authors argue that fractional integration can be an artificial artifact generated by the presence of breaks that are not taken into account. Further, changes can occur smoothly rather than suddenly as implied by structural breaks; Ouliaris et al. (1989) , for example, proposed regular polynomials to approximate deterministic components in the data generation process (DGP). However, as later pointed out by Bierens (1997) , Chebyshev polynomials might be a better mathematical approximation of the time functions, since they are bounded and orthogonal; being cosine functions of time, they are a very flexible tool to approximate deterministic trends in a non-linear way.
We then consider the following non-linear model:
with m indicating the order of the Chebyshev polynomial, and x t following an I(d) process of the form as in (1). The Chebyshev polynomials P i,T (t) in equation (2) 
(see Hamming (1973) and Smyth (1998) for a detailed description of these polynomials). Bierens (1997) uses them in the context of unit root testing, i.e., imposing d = 1 in (1). According to Bierens (1997) and Tomasevic and Stanivuk (2009) (1) and (2) 
Data and empirical results
The infant mortality rates data employed in this paper corresponds to the number of infants dying before reaching one year of age, per 1000 live births in a given year, and have been obtained from the Human Mortality Database at the University of California, Berkeley (www.mortality.org). The number of countries included in the analysis is 37, and the time period for each of the country depends on the data availability. Table 1 reports the time period and the number of observations for each of the countries. As shown in the (1) and (2) under the assumption that the error term (u t in (1)) is white noise. In other words, the estimated model is
And we use for this purpose a Whittle function in the frequency domain (See, Dahlhaus, 1989 Table 2 around here) Firstly, we focus on the deterministic coefficients, and the first thing that we observe is the presence of significant non-linear coefficients (i.e., θ 2 and θ 3 ) in the majority of the series. In fact, only 9 out of the 37 series present evidence of linearity. Table 4 ). For the remaining 26 countries, the series are found to be mean reverting implying transitory shocks and disappearing in the long run. Thus, in the event of a negative shock, increasing sharply the IMR special attention should be taken in the countries belonging to the first two groups (those where the hypotheses d = 1 and d > 1 cannot be rejected.)
5.
Concluding comments
In this paper we have examined the time series behaviour of the infant mortality rates (IMR) within a long memory approach, including the possibility of a non-linear deterministic trend to accommodate for smooth regime switching due to structural breaks (which could lead to spurious evidence in favour of long-memory), and using data for a sample of 37 countries. The main results obtained in the paper, together with the main policy implications, are the following. First, the results suggest that in most of the cases (28 out of 37), the assumption of a linear time trend in infant mortality rates can be rejected, as suggested in Bishai (2009) . That is, the rate of decrease observed in infant mortality rates over the analysed period is not constant but non-linear, a result which is against one of the most common assumption used in the literature on mortality rates. Second, we find significant differences in both the fractional order of integration of the series and in the non-linear behaviour of the series. Based on this result, it is difficult to assume international convergence among infant mortality rates. Furthermore, while health or education policies will have a transitory effect on the infant mortality rates in some of the countries, they will only have transitory effects in other countries.
Third, we find evidence of fractional integration orders below 1 (d < 1) for many of the infant mortality series (19 out of 37 countries) and in only two countries (Island and New Zeeland (total population)) the hypothesis of stationarity (d < 0.5) cannot be rejected. These characteristics of the infant mortality rates, both the non-linearities and the nonstationarity of the series should be taken into account when analysing the main determinants of infant mortality rates. " ---" means that convergence is not achieved. This is related with the small number of observations involved in these series. 
